This work investigates an integrated free-form approach for the design of wind turbine blades, and its application to low induction rotors. In the free-form methodology, the airfoil shapes are treated as unknowns and optimized together with the other blade design parameters including chord, twist and the thickness of the structural elements. As the design of the airfoils automatically adapts to the evolution of the blade, it is possible to better explore the solution space and to obtain improved solutions that find better compromises between the aerodynamic and structural points of view. This process is here employed to evaluate low induction rotors as a possible way of designing very large wind turbines, and demonstrated through case studies concerning wind turbines up to 10 MW.
I. Introduction and Motivation
L OW induction rotors have been proposed as a way to reduce the cost of energy of very large wind turbines. 1 One of the main features of this design solution is that the blades work at a sub-optimal induction, which reduces the overall aerodynamic efficiency of the rotor. However, for the same reason, ultimate and fatigue loads are also decreased. In principle, this fact can be used for obtaining a lighter and hence less expensive rotor, or for designing a larger one with an increased energy capture. These effects may possibly be combined and exploited to reduce the cost of energy. In our opinion, it still remains to be seen if, when and under what conditions low induction rotors are indeed optimal solutions, and this work tries to perform some first step in the direction of analyzing and understanding this problem with automated design tools.
The problem of designing optimal rotors is very complicated, because of the need to identify an optimal compromise between aerodynamic efficiency and structural sizing. This should be accomplished while accounting for a large number of design constraints of various nature and the effect of controls on performance and loading. This problem is even more complicated when looking at low induction rotors. In fact, low induction blades operate at lower than normal lift coefficients. Therefore, standard airfoils used on such blades operate below their optimal efficiencies, resulting in a higher-than-necessary drag that can affect the aerodynamic performance of the rotor and thus contrast other potential advantages of the low induction configuration. This means that, in order to allow for a fair comparison between traditional and low induction design strategies, new airfoils should be designed in order to work optimally in low induction conditions. Generally, typical blade design procedures require that airfoils be selected a priori. For each choice of the airfoils the planform, twist and structural parameters of the blade are determined so that an optimal design could be achieved, while at the same time fulfilling a set of given constraints. The fact that the airfoils are considered as frozen during the entire design process is a limitation that may prevent a full exploration of the design space. This problems, which could occasionally drive the solution away from a true optimal point, may only be relieved, but not eliminated, by repeating the whole design procedure for different choices of assumed airfoils. Unfortunately, from the designer's perspective, this technique is labor-intensive and necessarily based on a trial and error analysis.
This work investigates the design of low induction rotors through a free-form approach in which the airfoil shapes are parameterized and included as unknowns within the optimization problem. 2 This procedure allows for the simultaneous optimization of the blade span, chord, twist and structural variables, together with the airfoil shapes along the blade. As the design of airfoils evolves consistently with the global blade design, this method assures a better exploration of the solution space, while at the same time it relieves the designer from the somewhat limiting up-front choice of the airfoils, leading to better final designs. However, the main advantage of this methodology lays in the fact that it is able to deliver, within the limits of a numerical characterization, airfoils that optimally suit a specific rotor.
Once the shapes of the airfoils have been determined, they could be further refined, for example by specific wind tunnel measurements or by conducting more sophisticated analyses with high-fidelity CFD methods. Alternatively one could perform a re-mapping of the airfoils in order to identify, within the existing families, those airfoils which best match the characteristics of the optimal ones.
II. Free-Form Design of Wind Turbine Rotors
The free-form design problem is cast as a constrained optimization of the cost of energy. 4, 5 The rotor aerodynamic model is based on a classical BEM approach, coupled with an airfoil flow model based on the formulation by Drela. 7, 8 The structural model employs a beam approximation of the blade coupled to a two-dimensional finite-element formulation for the determination of the cross-sectional properties. 10, 11 The design variables include the radius, the spanwise airfoil shapes, chord and twist distribution and the spar-cap thickness; such quantities are discretized assuming suitable shape functions based on Bezier curves and their associated discrete nodal parameters. 6 The present implementation aims at a proof of the free-form concept, and in this sense it uses fairly simplistic models and it is limited to only very few design requirements. At this stage, for example, the design assumes fixed and given skin and shear webs thicknesses, as well as a straight axis and a fixed cone angle. Again for simplicity, the present analysis does not consider the effects of fatigue, and it assumes ultimate loads due only to storm conditions. These limitations will be removed in a continuation of the present effort using a more complete formulation, which closely follows standard international certification guidelines. 5 The optimization cost function is based on the levelized cost of energy (CoE) model provided by NREL, 3 while design constraints include maximum tip deflection, placement of the first flap natural frequency, not-to-be-exceeded stress allowables in the spar cap, and a given margin to stall in normal operating conditions.
In order to explore the low induction concept, an additional constraint limits the rotor thrust at operating conditions not to exceed a given value, typically assumed to be the thrust of the initial baseline solution.
At each update of the design variables, the aerodynamic characteristics at various spanwise locations are estimated using the well-established Xfoil code 7, 8 to compute the aerodynamic properties in the range ±20 deg. This solution is then extrapolated to ±180 deg using the Viterna method. 9 The aerodynamic coefficients are used for the definition of a lifting line BEM approach, completing the aerodynamic description of the rotor. The aerodynamic model is then coupled to a structural beam model, whose stiffness and mass properties are computed for the current values of the design parameters starting from the cross-sectional layout and the local material properties. The resulting aerostructural model of the rotor is finally used for the required simulations, in order to determine the values of the cost function and the various constraints.
III. Applications and Results

III.A. Optimization of the INNWIND 10 MW Rotor Blade
In the following, we consider the optimization of a 10 MW wind turbine, developed by the INNWIND consortium, whose main data are reported in a dedicated report issued by DTU. 12 In order to investigate the possible appearance of low-induction configurations, three different cases are considered, all starting from the baseline INNWIND solution:
• max(AEP): In this case, a purely aerodynamic optimization is performed in order to maximize the annual energy production (AEP). The airfoils and the spar cap thickness are considered as frozen and equal to the ones of the baseline. Although the optimization concerns only aerodynamic design parameters, the whole set of constraints is considered, including the structural ones, in order to keep the solution within physically meaningful limits.
• min(CoE): The blade is designed for minimum CoE by means of a full aero-structural optimization, but the airfoils are still kept as frozen.
• min(CoE) -FreeForm: The minimum-CoE design is repeated following the free-form approach, so that the airfoils are optimized together with the other variables.
All three cases above are subject to the constraints described previously, which are expressed in a non-dimensional form and enforced within a tolerance of 1%.
Results are different in the three cases, and they are compared against the baseline in Table 1 and Table 2 : as expected, the highest increase in radius is obtained when the AEP is maximized, and this led to the appearance of a low induction rotor, as it could be inferred by looking at the distribution of the axial induction factor in Figure 4 . This affects also the power coefficient, which is reduced when compared to the baseline. Although having a significantly larger radius than the others, the low induction configuration satisfies the thrust constraint, as also confirmed by the reduced C t in Table 2 Table 2 . Comparison at rated conditions among different optimal solutions for the 10 MW wind turbine.
Figure 2 (left) shows that, in this case, the optimal design is constrained by the requirement on the first flapwise frequency to be higher than the three-per-revolution. Constraints in the figure are satisfied if negative, and active when close to zero.
It is interesting to notice, however, that in terms of CoE this low induction rotor only leads to minimal gains with respect to the baseline, as the increased blade mass has dramatic consequences on the cost of energy.
Considering on the other hand the minimization of the CoE, the optimization seeks the simultaneous increase of the AEP together with the reduction of the blade mass, leading to a more reasonable compromise than in the previous case. The increase in the rotor radius is limited by the admissible stresses in the spar cap, as illustrated in Figure 2 (right).
It is also interesting to observe that, as expected, the largest gain in the cost of energy is achieved for the freeform design. In fact, in this case the optimization led to the design of new ad hoc airfoils: as illustrated in Figure 4 (right), the new airfoils are able to significantly increase the efficiency (E = C L /C D ) distribution while at the same time keeping the induction close to the optimal theoretical value. The design of the airfoils is exemplified in Figure 3 , which shows the optimal shape of the tip airfoil and its corresponding C L -E curve at a representative Reynolds of 15 millions. 
III.B. Optimization of a 46 m -2 MW Rotor Blade
The optimization was repeated starting from a 2 MW baseline and performing the three optimizations illustrated above. However, as the wind turbine is designed for onshore installations, an additional constraint was imposed that limits the tip speed to be less than 70 m/s.
The results, which are summarized in Table 3 and Table 4 , basically confirm the observations made in the previous example. Again, the first case led to the highest value of the AEP, which was achieved by increasing the blade span and by selectively reducing the induction in certain regions of the blade. It must be observed, however, that for the 2 MW wind turbine the pure aerodynamic optimization does not imply a reduction in the cost of energy which is, on the contrary, slightly increased. In terms of the cost of energy, the free-form optimization is confirmed to be the most convenient, since it achieves the largest value of the power coefficient C p and the most relevant reduction in mass. Figure 6 shows the appearance of a flatback airfoil in the region close to the maximum chord: this configuration emerged automatically as part of the optimal free-form solution, without a specific a priori choice.
IV. Conclusions
In this work we illustrated the use of a free-form approach for the integrated design of rotor blades. The results shown here indicate that low induction rotors appear as optimal solutions only when considering the Table 4 . Comparison at rated conditions among different optimal solutions for the 2 MW wind turbine. maximization of the AEP for a limited thrust value. However, when considering the more general case of minimizing the cost of energy, again for a limited thrust, more classical configurations with higher loading were obtained. The results were consistent for two widely different power values, corresponding to very different sizes of the rotor.
The best results were achieved when freeing the shape of the airfoils. Although the observed improvements in the CoE are somewhat marginal, it is interesting to notice that the obtained airfoil shapes are not identical to the original ones. In addition, it is also interesting to notice the natural emergence of flatback solutions in the innermost part of the blade.
These results are to be considered as preliminary, and part of a work in progress. The procedures are in fact somewhat limited in the number of design conditions, and work is underway for including a complete set of design load cases, as prescribed by certification guidelines following an optimal design procedure proposed by the authors. 5 It should also be noticed that the results depend in a significant manner on the model of the cost of energy. The present one has a somewhat limited fidelity, and work is in progress for implementing a more refined model that should be able to better consider the differences among different design solutions.
